Penaeidin antimicrobial peptides in penaeid shrimps are an important component of their innate immune system that provides immunity against infection caused by several gram-positive bacteria and filamentous fungal species. Despite the knowledge on the identification and characterization of these peptides in penaeid shrimps, little is known about the evolutionary pattern of these peptides and the underlying genetic mechanisms that maintain high sequence diversities in the penaeidin gene family. Based on the phylogenetic analyses and maximum likelihood-based codon substitution analyses, here we present the convincing evidence that multiple copies of penaeidins have evolved by gene duplication, and positive Darwinian selection (adaptive evolution) is the likely cause of accelerated rate of amino acid substitutions among these duplicated genes.
Introduction
Antimicrobial peptides (AMP) are an important component of the innate immune system present in all phyla of the living kingdom and provide immunity against infection caused by pathogens [1, 2] . AMPs have been identified and characterized in many vertebrates [3] , invertebrates [1] and plants [4] . Due to the lack of adaptive immunity, invertebrates are dependent on the innate immune system for protection from pathogens [5, 6] . The devastating disease outbreaks in many commercially important penaeid shrimps has caused serious setback in the aquaculture industry, therefore, the focus has been now towards a better understanding of penaeid shrimp immunity, which would help in designing efficient strategies for disease control [5] . The identification and characterization of AMPs in commercially important penaeid shrimps is now one of the active areas of research (e.g. refs.
[7e25]). Three kinds of AMP have been fully characterized in penaeid shrimps; the penaeidins and the anti-lipopolysaccharide factor (ALF) from haemocytes [1, 26] and anionic haemocyanin derived peptides from plasma [27] . Penaeidins are the diverse family of cationic peptides [28] and are classified into four classes (PEN-2, PEN-3, PEN-4 and PEN-5) [7,8,10,12,13,15e 20,22,24,25] . Penaeidin consists of two distinct active domains: a proline-rich N-terminal domain (PRD) and cysteine-rich C-terminal domains (CRD) that inhibit the growth of several gram-positive bacterial and filamentous fungal species [13, 28] . Multiple isoforms produced by amino acid substitutions and deletions within the PRD and CRD have been reported at the mRNA level for three classes of penaeidins suggesting that this is a highly diverse gene family [22] .
Despite the knowledge on the identification and characterization of penaeidins in many penaeid shrimps, the evolutionary pattern of these peptides and the underlying genetic mechanisms that maintain high sequence diversities in the penaeidin gene family is poorly understood. In case of vertebrates, it has been suggested that multiple copies of structurally related AMP sequences are evolved by gene duplication and the rapid functional divergence among these multiple copies could be associated with accelerated rate of amino acid substitutions among the duplicated genes [3] . The accelerated rate of amino acid substitution is mainly the indication of adaptive evolution.
At the genomic level, two types of selective forces shape evolution; one is purifying selection that favours the conservation of existing phenotypes (functionally constrained and also known as purifying or negative selection) and the other one is positive Darwinian selection (adaptive evolution), which favours the fixation of beneficial mutations that lead to evolution of new traits [29] . One of the most powerful approaches to detect positive Darwinian selection is by comparing the number of non-synonymous substitution per non-synonymous site (d N ) with the number of synonymous substitution per synonymous site (d S ) [29, 30] . There are three different types of selective pressures that can be detected from d N and d S ratio (hereafter referred as u). Mutation at a codon site that results an amino acid change is known as non-synonymous substitution, whereas in synonymous substitution amino acid remains unchanged. If the protein-coding gene is functionally constrained, then the rate of non-synonymous change will be lower than neutral rate resulting in u < 1 and the gene is considered to be subjected to strong purifying selection [29] . Alternatively, if non-synonymous mutations are beneficial then the average rate of non-synonymous changes is expected to be higher than the neutral rate resulting in u > 1, and is considered to be subjected to positive selection. When u ¼ 1, it indicates neutral evolution. A number of statistical approaches have been developed to detect positive selection at the protein coding genes [31e33]. Maximum likelihood-based codon substitution models [34] that account for variable u among sites is one of the commonly used (e.g. refs. [31, 35, 36] ) methods to detect positive Darwinian selection.
Here we examined the evolutionary pattern of the multiple copies of penaeidin peptides using the maximum likelihood (ML), Bayesian Inference (BI) and distance based neighbour-joining (NJ) phylogenetic approaches. We also examined the types of selective pressures operating on the codon sites of penaeidin peptides using the ML-based codon substitution models [34] and using the fixed effects likelihood method of Kosakovsky Pond and Frost, [37] .
Materials and methods

Phylogenetic analyses
Nucleotide phylogeny
To infer evolutionary relationship among multiple copies of penaeidin peptides representing four classes (PEN-2, PEN-3, PEN-4 and PEN-5) and seven penaeid species, we reconstructed ML, BI and NJ phylogenies based on their respective nucleotide sequence data. A total of 36 nucleotide sequences were retrieved from GenBank ( [6, 7, 11, 13, 16, 18, 22, 24, 25] ; Table 1 ). Sequences were aligned using DAMBE version 4.5.2 [38, 39] and BioEdit version 7.0.5.3 [40] . Amino acid alignment of signal peptide and active domains (PRD and CRD) of each sequence were manually edited according to the respective signature subgroups of PEN-2, PEN-3, PEN-4, ( [15] , http://www. penbase.immunaqua.com/), and PEN-5 [25] using DAMBE. Aligned amino acid sequences were mapped to corresponding codons using DAMBE. Nucleotide sequence data of all the three regions [the signal peptide and both active domains (PRD and CRD)] were included in the phylogenetic analyses. Hasegawa-Kishino-Yano (HKY) model with gamma distribution shape parameter (G) was the best-fit model selected by hierarchical likelihood ratio test (hLRTs) implemented in Modeltest version 3.5 [41] . PHYML version 2.4.4 [42] was used for ML analyses and MrBayes version 3.04 [43] was used for BI. The resulting trees were drawn using TreeView [44] . Nodal support for ML tree was estimated using 1000 non-parametric bootstrap replicates. MrBayes was used to conduct a Bayesian approach to phylogenetic inference by running 20 million generations (10 000 burn-in) with four Metropolis-coupled Markov chain Monte Carlo to optimize efforts to find peaks in tree-space. Parameters were set as nst ¼ 2, rates ¼ gamma, and one tree was sampled in every 100. Convergence of tree was checked using Tracer version 1.3.1 [45] and resulting trees were used to generate a majority consensus tree with posterior probability values. NJ trees based on Kimura-2-parameter with gamma corrected model were also reconstructed using MEGA version 3.1 [46] . Using the same program nodal supports were estimated with 10 000 bootstrap replicates.
With the exclusion of signal peptides, we also reconstructed ML, BI, and NJ phylogenies and these inferred trees were independently used to tests for selection using PAML program [47] . To account for uncertainty regarding the true tree topology, we repeated the tests for positive selection using trees from ML, BI, and NJ analyses. 
Tests for selection
To account for among-site variations and to test for positive selection on different codon sites and lineages, we performed tests for positive selection using two approaches; (1) maximum likelihood-based codon substitution analyses [34] ; and (2) fixed effects likelihood (FEL) method of Kosakovsky Pond and Frost [37] .
Pairwise comparison
We estimated the pairwise d N , d S and u for each functional domain (PRD and CRD) using ML approach described by Goldman and Yang [48] implemented in CODEML program of the PAML version 3.15 [47] .
ML-based codon substitution analyses
2.2.2.1. Branch model. The branch model allow the u ratio to vary among branches in the phylogeny, and therefore useful in detecting positive selection operating on a particular lineage [49, 50] . Using the inferred phylogenies and the free-ratios model [47] , which assumes an independent u ratio for each branch; we estimated the likelihood score using the CODEML program of PAML ver. 3.15 [47] . Likelihood ratio test (LRT) was used to compare free-ratios with the one-ratio model that assume all the branches have same u.
2.2.2.2.
Site specific models. We estimated parameters under seven different codon substitution models [34] implemented in the CODEML program of the PAML package [47] and their performances were evaluated using likelihood ratio tests (LRTs). LRTs were used to compare models that assume no positive selection (u < 1) with those that assume positive selection (u > 1). The seven codon substitution models are: M0 (one-ratio), M1a [34] and M8a (b þ u ¼ 1) [51] . The M1a model estimates a single parameter p 0 , the frequency of conserved sites with u 0 ¼ 0 and the remaining sites with frequency p 1 (p 1 ¼ 1 À p 0 ) assuming u 1 ¼ 1. The M2a model adds a class of positively selected sites with frequency p 2 (where p 2 ¼ 1 À p 1 À p 0 ), with ratio u 2 estimated from the data. Thus, whereas M1a estimates a single parameter (p 0 ), M2a estimates three parameters (p 0 , p 1 , and u 2 ). In the M7 model, u follows a beta distribution such that 0 u 1 and the two parameters (p and q) of the beta distribution are estimated from the data. In the M8 model, a proportion p 0 of sites have u drawn from the beta distribution. The remaining sites with proportion p 1 are positively selected and have u 1 > 1. Thus, M7 estimates two parameters (p and q), while M8 estimates four parameters (p, q, p 0 , and u 1 ). The LRTs between nested models were conducted by comparing twice the difference in log-likelihood values (2 ln Dl) against a c 2 -distribution, with degrees of freedom equal to the difference in the number of parameters between models [34] .
Five LRTs were conducted. The first comparison was made between M0, a model that fits a single u for all sites with M2a, which allows three site classes (0 < u < 1, u ¼ 1 or u > 1). The second comparison was between M0 and M3. The third comparison was between M1a, which allows for two site classes (0 < u < 1, u ¼ 1) with M2a. The fourth comparison was between a model of beta-distributed selective pressures, that allows for 10 site classes, each with u < 1 and M8, which has 11 site classes, one of them allowed for u > 1. The last comparison was between M8 and M8a, in which an additional parameter was constrained to have u ¼ 1 [51] . In all LRTs good evidence for positive selection is found if the LRT indicates that models that allow for selection (i.e. M2a and M8) are significantly better than their respective null models (M1a and M7) [34] .
2.2.2.3.
Branch-site models. Considering that positive selection may operate in very short episodes during the evolution of a protein [52] and affect only a few sites along a few lineages in the phylogeny, recently developed likelihood models known as branch-site model [53, 54] that allow u ratios to vary both among lineages and amino acid sites was also used in the analysis. We used branch site model to test for positive selection within each lineage of penaeidin (a, b, and c; Fig. 1 ) and among the three lineages (lineage d in Fig. 1 ). The branch-site model (null: model A1) has four parameters and four site classes; 0, 1, 2a, and 2b that account for 0 < u 0 < 1, u 1 ¼ 1, u 2 > 1, and u 2 > 1, respectively, was compared with the alternative model that constrained to have u 2 ¼ 1 (model A). The LRTs between the two models were conducted by comparing twice the difference in log-likelihood values (2 ln Dl) against a c 2 -distribution, with degrees of freedom one [53, 54] .
Fixed effects likelihood method
To identify codons affected by positive and negative selection, we used FEL method available in HyPhy package (http://www.datamonkey.org) [55] . FEL uses the entire alignment to infer model parameters shared by all sites (e.g. branch lengths) and then fits d S and d N rates individually at every site. Neutrality of an individual site is tested using the likelihood ratio test [37] .
Protein structure of penaedin
We used 3-dimensional (3D) structure of penaeidin-3 of Litopenaeus vannamei (Protein Data Bank number ¼ 1UEO; [24] ; http://www.rcsb.org/pdb/) to map the positively selected sites in the 3D structure. The alignment of all classes of penaeidin with 1UEO amino acid residues is shown in Table 4 . Positively selected sites are marked Tables 2 and 3 for branch-site models and for their LRTs, respectively. accordingly. The structure was displayed and positively selected sites were located using RasMol V2.7.2.1.1 (http:// www.openrasmol.org/software/rasmol/).
Results
Phylogenetic analyses
For the entire coding sequence (signal peptide þ PRD þ CRD), the HKY model with gamma distribution shape parameter (G ¼ 0.6636) was the best-fit model selected by hLRTs. The transition to transversion ratio (T i /T v ) and the log likelihood score (Àln L) were 0.8639 and 2137.2756, respectively. The nucleotide base frequencies for A, C, G and T were 0.2122, 0.2884, 0.2453 and 0.2542, respectively. When signal peptides were excluded from the analyses, the K80 model with G (¼ 1.0185) was the appropriate model selected by hLRTs. The T i /T v and the log likelihood score (Àln L) were 0.8647 and 1862.4727, respectively.
The ML tree inferred from the nucleotide sequence data showed the phylogenetic relationships among multiple copies of penaeidins (Fig. 1) . Phylogenetic trees inferred from BI, and NJ (trees not shown) are congruent with ML tree. The phylogenetic analyses clearly indicated that each class formed a distinct cluster, thus gene duplication is the likely explanation for divergence of this peptide family. From the phylogenetic analyses, it is also apparent that paralogy seems obvious between PEN-2, PEN-3, and PEN-4 in the genus Litopenaeus, however, it is difficult to distinguish orthology from paralogy for PEN-5 and all PEN-5 sequences outside the genus Litopenaeus because of unbalanced taxon/copy sampling. Nevertheless, all the trees (ML, BI and NJ) are consistent with the fact that each class formed a distinct cluster, therefore suggesting that multiple copies of this peptide family evolved by gene duplication events.
Tests for selection
Pairwise comparison
Distribution of pairwise estimates of u for PRD and CRD are shown in Fig. 2A ,B, respectively. Although the average u for PRD exceeds one (1.272 AE 0.973), the u value ranged from 0.001 to 6.45. Similarly, the u for CRD ranged from 0.001 to 94.698, with average 2.814 AE 3.185. Despite the wide range of variation of u in both domains, our analyses clearly indicate that both domains are under the influence of positive Darwinian selection. To know which codons/amino acid residues are under the positive Darwinian selection, we performed ML-based codon substitution analyses. Fig. 1 has 69 branches; therefore, 68 additional u parameters are involved in the free-ratios model. However, comparison of one-ratio model, which assumes the same u ratio for all lineages with freeratios model, which assumes an independent u ratio for each branch failed to suggest the rejection of one-ratio model (p ! 0.54, Table 3 ), therefore suggesting that the u ratios are not variable among lineages. Tables 2 and 3 , respectively. Under the simplest model, which allows only a single u across all codon sites (M0), the ML estimate of u ¼ 0.9805. This estimate is statistically indistinguishable from u ¼ 1, the expected value under a completely neutral model of sequence evolution. However, a model allowing for variation among sites (M3) provides a significantly better fit to the data showing that there is variation among sites in the strength of selection. However, M0 is a highly unrealistic model and the M0/M3 comparison thus provides a test for variation in u among sites rather than variation in strength of selection among sites [34] . A more stringent test for the presence of positive selection is a comparison of models M1a and M2a [34] , and between M7 and M8 [56] . The LRT comparing M7 and M8 provides strong evidence for positive selection (Table 3 ; p ¼ 0). Similar results were obtained using models M1a and M2a (Table 3 ). There is a large degree of overlap in the positively selected sites identified from models M2a and M8. Yang ([47] ; in PAML ver. 3.15) reported that the M1a/M2a comparison seems more robust than the M7/M8 pair. If the true null model assumes several classes of conserved sites with u < 1 as well as neutral sites with u ¼ 1, the M7/M8 comparison may often be significant, and among half of such cases, the u estimate under M8 will be >1, and will produce false positives ( [47] ; PAML ver. 3.15). In such cases, the M8a/ M8 comparison or M1a/M2a comparison may be more robust than M7/M8 comparison. Nevertheless, our analyses showed that all the models revealed consistent results (p ¼ 0; Table 3 ), indicating evidence of positive Darwinian selection is widespread across the codons of penaeidin. The posterior probability along with u of each positively selected codon sites identified by M2a model is shown in Fig. 3 . Our analyses showed that under M2a model, 9 codon sites were positively selected (8 in PRD and 1 in CRD) with posterior probability !0.90, and the u ranged from 4.075 AE 0.917 to 2.401 AE 1.405 ( Fig. 3 and Table 4 ). Codon sites in PRD and CRD that are under the influence of positive Darwinian selection are shown in Table 4 . The codon sites (identified by M2a) predicted to be subjected to positive Darwinian selection also shown on the PDB structure (Fig. 4) . (Tables 2 and 3 ).
ML-based codon substitution analyses
Branch model. The tree in
Site specific model. Parameter estimates and log likelihood values under models of variable u among codon sites and their LRTs are shown in
FEL analyses
The positively and negatively selected sites identified by FEL method are shown in Table 5A ,B, respectively. There are eight positively and six negatively selected codon sites (p ¼ 0.1) were identified. Majority of codon sites that were positively selected (with posterior probability 0.90) by the ML-based codon substitution models were also positively selected by FEL methods. Of the 6 negatively selected codon sites, 1 and 5 sites are in PRD and CRD, respectively. Nevertheless, both ML codon substitution and FEL methods supported the fact that positive Darwinian selection is widespread in penaeidin. 
Discussion
Phylogenetic analyses of penaedin peptides of penaeid shrimps revealed that regardless of species, multiple copies in each class of penaeidin clustered together with strong nodal support. Thus, suggesting that these peptides of penaeid shrimps are paralogous and evolved by gene duplication events. Previous studies on the molecular evolution of AMPs Branch-site models Positively selected sites with posterior probability !0.95 are in bold, 0.9e0.95 are underlined, 0.8e0.9 in italics, and 0.5e0.8 in plain text. M0: one-ratio u value is the average for all codon sites, whereas M2a, M3 and M8 u values are the estimated values for the positively selected codon sites under respective models. See in many vertebrates and invertebrates (e.g. refs. [3, 35, 36, 57, 58] ) also showed strong evidence of gene duplication in AMPs of respective taxonomic groups. Although from the paralogous gene tree, it is difficult to infer the absolute divergences at both synonymous and non-sysnonymous sites since the sequences last shared a common ancestor (which can only be estimated from the orthologous gene tree), tests of selection based on substitution rate ratios (d N /d S ) do not depend on assumption about orthology [36] . Our phylogenetic analyses suggested evidence of gene duplication in penaeidin, however, it is unclear what recurrent evolutionary forces maintained the high diversity of these peptides at functional level. Previous studies on AMP of vertebrates and invertebrates suggested that gene duplication followed by the accelerated rate of amino acid substitutions among the duplicated genes are the likely cause of rapid functional diversification of these peptides (e.g. refs. [3, 35, 36, 57] ). Positive Darwinian selection (positive natural selection) is the likely cause of such accelerated rate of amino acid substitutions (e.g. refs. [3, 35, 36, 57, 58] ). From the pairwise comparison, it is apparent that positive Darwinian selection is widespread across penaeidins. Therefore, suggesting that the accelerated amino acid substitution rate among the duplicated penaeidin peptides is due to the Table 3 Likelihood ratio statistics among different models given in Table 2 Comparison Codon sites Posterior probability positive Darwinian selection. However, the wide variation in u ( Fig. 2A,B ) in PRD and CRD further indicated that the entire codon sites are not positively selected, therefore it is apparent that few codon sites in both domains might have experienced accelerated rate of non-synonymous substitutions than that of silent substitutions. Nevertheless, pairwise comparison method indicated the evidence of positive Darwinian selection across the PRD and CRD domains of penaeidins. Many pairwise comparisons in AMP families showed that u is not significantly different from or even less than one [59] and in some cases, u is consistently less than one (e.g. refs. [60, 61] ). However, from the pairwise comparisons, it is difficult to infer which sites are positively or negatively selected. ML based codon substitution models appear to offer a number of advantages over the pairwise comparisons of d N and d S among taxa that average over all codon sites and lineages [36, 62, 63] . Considering this pitfall of pairwise comparison methods, we performed ML based-codon substitution analyses of Yang et al. [34] . Although ML-based codon substitution analyses showed the evidence of positive Darwinian selection in both domains of penaeidin, a relatively more number of positively selected codon sites were observed in PRD than the CRD. It could be possible that CRD is relatively more conserved than the PRD [10, 12] ; therefore, more amino acid residues in PRD are subjected to natural selection in different environmental Table 2 ), respectively. The structure was displayed using RasMol V2.7.2.1.1 (http://www. openrasmol.org/software/rasmol/). N: N-terminal, C: C-terminal.
conditions. Despite the minor discrepancies in the identification of positively selected sites by both ML-based codon substitution models and FEL methods, both methods are consistent with the fact that positive Darwinian selection is widespread across the penaeidin.
In consistent with the results of previous studies on the molecular evolution of AMPs in vertebrates and invertebrates (e.g. refs. [3, 35, 36, 57] ), the present study also present convincing evidence that positive selection on penaeidin, the AMP gene family of penaeid shrimps, is common and taxonomically widespread. However, the question is why selection appears to act differently on different loci/amino acid residues. Although both domains are under the influence of positive Darwinian selection, the differences in the number of positively selected amino acid residues in both domains could be attributed to the structural organization of the respective domains. For example, the N-terminal proline rich residues of penaeidin are less conserved, whereas the cysteine rich C-terminal domain is stabilized by three conserved disulphide bonds [10, 12, 24] , therefore, more number of positively selected amino acid residues in PRD is expected. The high sequence variability that have generated by gene duplication events followed by the positive Darwinian selection among the PRD of different classes of penaeidin may have resulted in variation in target specificity and gain in antimicrobial function [10, 12] . On contrary, the CRD, which is relatively conserved, might have a tandem or synergistic role [10, 12] .
It is possible that since these mature peptides (PRD and CRD) are used to protect against the pathogens and filamentous fungal species [13, 28] , their adaptive evolution will be caused by several factors. Like MHC receptors, immunoglobulins, defensins and AMPs [36,57,64e66] , penaeidin may be under selection directed by the evolution of pathogens. The specific pathogens driving selection certainly vary among hosts, which could also result in different patterns of evolution [36] . Some hosts might also be co-evolving with pathogens that are under selection to resist their defenses. An array of resistance mechanisms to AMPs are known in pathogens, some of which are involved in a single gene product [67, 68] . In some cases, derived microbial strains are more resistant than the wild type [69] , which is consistent with the hypothesis that positive selection on microbial genomes can result in increased resistance to AMPs. However, it could be more likely that resistance is easy to evolve and happens frequently. On the other hand, penaeidin peptides might attack their targets in such a way that evolving resistance is not possible without synchronized changes at many microbial genes. Selection on the penaeidin mature peptides might also occur when hosts enter new habitats or environments and are forced to adapt to completely different pathogens not previously encountered (e.g. during species introduction). In such a circumstance, mature peptides that involve in protection against pathogens evolve for the particular microbial biota that these species has to encounter in the new environment/habitat.
We suggest that gene duplication is the most possible mechanism that generated multiple copies of penaeidin. The accelerated rate of amino acid substitutions among these duplicated genes is due to the influence of positive Darwinian selection. Like other immunogeneic genes (MHC, defensins, immunoglobulins), the evolution of this AMP family (penaeidin) of penaeid shrimps might also be directed by the pathogens. Therefore, the mature peptides PRD and CRD that directly involve in the protection against pathogens eventually accumulate new functions.
